INTRODUCTION
============

Repeated or chronic exposure to nicotine---beyond the seconds and minutes that lead to receptor activation and/or desensitization---is essential for nicotine dependence ([@bib26]; [@bib25]; [@bib30]). Chronic exposure also apparently underlies the inverse correlation between a person's history of tobacco use and his or her susceptibility to Parkinson's disease ([@bib54]). Literature since 1983 also shows that chronic nicotine increases the number of neuronal nicotinic acetylcholine receptors (nAChRs) ([@bib36]; [@bib58]). nAChRs, a superfamily of ligand-gated ion channels, activated by acetylcholine and nicotine, assemble as homopentameric or heteropentameric complexes comprising various combinations of α (α2 to α10) and β (β2 to β4) subunits ([@bib20]).

Nicotine-induced "up-regulation" has been replicated many times in systems ranging from clonal cell lines to primary neurons in culture, to mouse models, and to smokers' brains ([@bib3]; [@bib8]; [@bib63]; [@bib42]; [@bib2]; [@bib34]). Bronchial epithelium cells also express nAChRs, and these are also up-regulated by nicotine ([@bib17]). One or more mechanisms common to all such cellular systems presumably govern up-regulation. Therefore, studies with mechanistically favorable heterologously expressed preparations, such as nAChRs in oocytes and clonal mammalian cell lines, have good relevance to the pathophysiology of chronic nicotine. Data from such favorable systems show that nicotine enhances the assembly of functional nAChRs containing the α4 and β2 subunits and also causes the preferential assembly of receptors with (α4)~2~(β2)~3~ stoichiometry ([@bib5]; [@bib45]; [@bib32]; [@bib56]; [@bib65]; [@bib62]).

Mechanisms proposed for the effect of nicotine on nAChR assembly include the idea that nicotine acts as a maturational enhancer ([@bib56]), a novel slow stabilizer ([@bib65]), and/or a pharmacological chaperone of nAChRs ([@bib32]; [@bib34]). Although the studies cited derived mainly from experiments on clonal cell lines, this hypothesis becomes more attractive in view of electron microscopy studies in mouse dorsal raphe and rat cortical neurons, showing that endogenous α4β2 nAChRs localize at least partially to the smooth ER ([@bib23]; [@bib7]).

Nicotine may also affect the rate of receptor turnover by decreasing the lysosomal degradation of nAChRs at the cell periphery ([@bib49]). Alternative models propose that the binding of nicotine to surface receptors can trigger up-regulation ([@bib67]), that up-regulation can be initiated by the desensitization of surface nAChRs ([@bib14]), and that up-regulation requires exocytosis machinery ([@bib9]).

Other important mechanistic facts come from observations that nAChRs are also up-regulated by antagonists ([@bib19]), and that drug--receptor binding plays a major role in up-regulation ([@bib29]). Moreover, nAChR mRNA levels remain constant after nicotine exposure ([@bib38]; [@bib49]; [@bib27]). These data argue against roles for Ca^2+^-induced second messenger signaling cascades and transcriptional processes in nicotine-induced nAChR up-regulation. Vital information on several aspects of up-regulation has thus been obtained.

In the spirit of obtaining rigorous mechanistic data on the phenomenon of up-regulation, which occurs in a broad range of heterologous and endogenous expression systems, this study exploits a cellular system that has favorable optical characteristics and offers excellent control of expressed protein levels. We use a combination of live cell, subcellularly resolved total internal reflection fluorescence (TIRF) microscopy, confocal microscopy, and Förster resonance energy transfer (FRET) analysis to assess the effects of nicotine on the assembly, ER exit, and plasma membrane (PM) insertion of heterologously expressed, fluorescently tagged α4β2 nAChRs. Furthermore, we identify novel motifs governing the ER localization of α4β2 nAChRs within the β2 subunit M3--M4 large intracellular loop and show that these motifs modulate the stoichiometry and ER exit of α4β2 nAChRs.

It is also important to understand whether up-regulation has consequences for other aspects of cell physiology, such as exit from the ER. To this end, we use fluorescent Sec24D, a component of ER exit sites (ERES). The data strongly support the following mechanism: the (α4)~2~(β2)~3~ stoichiometry would languish in the ER, but nicotine acts as a pharmacological chaperone to stabilize (α4)~2~(β2)~3~ nAChRs and presumably, as a consequence, ERES. The result: nAChRs reach the PM in greater numbers.

MATERIALS AND METHODS
=====================

Materials and reagents
----------------------

PfuTurbo Cx Hotstart polymerase and the QuikChange II XL site-directed mutagenesis kit were purchased from Agilent Technologies. Mouse Neuro-2a cells (CCL-131) were obtained from American Type Culture Collection. Dulbecco's modified Eagle's medium (DMEM) with 4 mM [l]{.smallcaps}-glutamine, OptiMEM 1, Leibovitz L-15 imaging medium, ER-Tracker Green, and FBS were purchased from Invitrogen. Expressfect transfection reagent was purchased from Denville Scientific. Tissue culture flasks and plasticware were from Greiner Bio-One. Poly-[d]{.smallcaps}-lysine--coated 35-mm glass-bottom imaging dishes (1.5-mm coverslip thickness) were obtained from MatTek Corporation, and nicotine was purchased from Sigma-Aldrich.

Plasmid constructs
------------------

Mouse wild-type (wt) α4, β2, and β4 constructs were obtained from J. Stitzel (University of Colorado, Boulder, CO). Mouse α4-eGFP was engineered as described previously ([@bib43]). In brief, eGFP was introduced in frame into the α4 BstEII site with an upstream HA tag after residue 426 in the M3--M4 intracellular loop. eGFP was PCR amplified from the peGFPN1 vector using the forward primer 5′-TTTTGGTCAC­CCTATCCTTAT­GACGTCCCAGA­CTACGCCATGG­TGAGCAAGGGC­GAGGAGCTG-3′ and the reverse primer 5′-AAAAGGCGTA­GTCTGGGACGT­CATAAGGATAG­GTGACCTCTTG­TACAGCTCGTC­CATGCCGAG-3′. The PCR product was cut with BstEII and ligated into the wt α4 construct to create α4-eGFP. Because mcherry contains BstEII sites, α4-mcherry was cloned without the use of standard restriction digestion and ligation reactions ([@bib41]): mcherry was PCR amplified from the pCS2-mcherry plasmid using proofreading Pfu-Turbo Cx Hotstart polymerase and primers with 20--25 nucleotide 5′ and 3′ overhangs that were homologous to the mouse α4wt coding sequence. The PCR product was extracted and used as a primer in a second PCR step with QuikChange II XL site-directed mutagenesis kit to create the final α4-mcherry construct. Mutations were introduced into the α4-eGFP and β2wt constructs using the appropriate primers and QuikChange II XL site-directed mutagenesis kit to create the α4L358A-eGFP, β2-L349M, β2-365AAQA368, and the β2 double-mutant 365AAQA368 L349M constructs. PM reporter pCS2-mcherry was obtained from S. Fraser (California Institute of Technology, Pasadena, CA). The Sec24D-eYFP plasmid was provided by D.J. Stephens (University of Bristol School of Medical Sciences, Bristol, England, UK) ([@bib64]), and the GalT-eCFP plasmid was obtained from Addgene (plasmid 11931) ([@bib6]). Sec24D-mcherry and Sec24D-eGFP were cloned from Sec24D-eYFP using the PCR integration method described above.

Cell culture and transfections
------------------------------

Mouse Neuro-2a cells were cultured using standard tissue culture techniques and maintained in DMEM plus 10% FBS ([@bib62]). Plasmid concentrations used for transfection were as follows: 500 ng of each nAChR and glutamate-gated chloride ion channel (GluCl) subunit, 75 ng pCS2-mcherry, 250 ng Sec24D construct, and 250 ng GalT-eCFP. 90,000 cells were plated in poly-[d]{.smallcaps}-lysine--coated 35-mm glass-bottom imaging dishes (MatTek Corporation). The next day, plasmid DNA was mixed with cationic lipids by adding the appropriate DNA concentrations to 4 µl of Expressfect transfection reagent in 200 µl DMEM (final volume) and incubated for 20 min at room temperature to form cationic lipid--DNA complexes. DMEM plus DNA--lipid complexes were added to Neuro-2a cells in 1 ml DMEM plus 10% FBS and incubated at 37°C for 4 h. Dishes were rinsed twice with DMEM and then filled with 3 ml DMEM plus 10% FBS and incubated at 37°C for 48 h. For nicotine treatments, a concentration of 0.1 µM was used for 48 h because this is within the range of steady-state nicotine concentrations achieved in smokers' brains. Nicotine was added during media change after transfection.

TIRF microscopy (TIRFM)
-----------------------

Neuro-2a cells cultured in glass-bottom poly-[d]{.smallcaps}-lysine--coated imaging dishes (MatTek Corporation) were transfected with the appropriate plasmids and imaged live 48 h after transfection at 37°C in a stage-mounted culture dish incubator (Warner Instruments). TIRFM enables the visualization of fluorescently labeled intracellular molecules within ∼300 nm of the cell--coverslip interface ([@bib47]; [@bib15]; [@bib28]). TIRF images were obtained using an inverted microscope (IX71; Olympus) equipped with an Olympus PlanApo 100× 1.45 numerical aperture oil objective and a Mitutoyo micrometer to control the position of the fiber optic and TIRF evanescent field illumination. eGFP and mcherry fluorophores were excited with a 488-nm air-cooled argon laser (P/N IMA101040ALS; Melles Griot), and an Optosplit II image splitter (Cairn Research) was used to simultaneously detect fluorescence emission from eGFP and mcherry. Images were captured with either a 16-bit resolution EMCCD camera (Cascade; Photometrics; [Figs. 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}, and [Videos 1](http://www.jgp.org/cgi/content/full/jgp.201010532/DC1) and [2](http://www.jgp.org/cgi/content/full/jgp.201010532/DC1)) or an iXON DU-897 back-illuminated EMCCD camera ([Figs. 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}, and [Videos 3--5](http://www.jgp.org/cgi/content/full/jgp.201010532/DC1)). Sample exposure rate, percent laser transmission, and gain parameters were initially adjusted and then maintained constant across all samples for each imaging session. 488- and 561-nm laser lines were linearly s-polarized as revealed using an achromatic 400--800-nm half-wave plate (AQWP05M-600; Thorlabs; provided by L. Wade, California Institute of Technology, Pasadena, CA).

![Subcellular localization of α4β2 and α4β4 nAChRs depends on the β subunit. (A) Representative TIRF images of Neuro-2a cells expressing a PM reporter (PM mcherry) or α4-mcherry plus β2wt along with either ER-Tracker Green or α4eGFP plus β2wt or α4eGFP plus β4wt. Each column is a different cell. Red and green fluorescence channels are separately shown in the top two rows, and merged images are in the bottom row. Panel labels indicate the fluorophore and transfected proteins. B1, pseudo-colored TIRF image of α4eGFP plus β2wt--transfected cell; B2, ER fluorescence signal from cell in B1 after subtraction of PM fluorescence; B3, PM fluorescence signal from cell in B1 after subtraction of ER fluorescence. (C) PM-integrated density for α4eGFP plus β2wt-- and α4eGFP plus β4wt--transfected cells. Error bars show 99% confidence intervals. (D; 1 and 2) Plots showing number of pixels (y axis) versus fluorescence intensity (x axis) for either whole TIRF footprint (ER + PM) or the ER in α4eGFP plus β2wt-- and α4eGFP plus β4wt--transfected cells. 3, the integrated density ratios of whole TIRF footprint to ER for α4eGFP plus β2wt and α4eGFP plus β4wt. Error bars are SEM. Number of imaged cells are indicated in parentheses. Bars, 5 µm.](JGP_201010532_RGB_Fig1){#fig1}

![Effect of nicotine, ER export, and retention/retrieval motifs on nAChR expression at the PM. (A) Representative TIRFM images of Neuro-2a cells transfected with α4eGFP β2wt and α4eGFP β2-365AAQA368 L349M double-mutant receptors. Column labels indicate the expressed receptors. Panels indicate the nicotine treatment condition. Bars, 10 µm. Each image is accompanied by a graph plotting the fluorescence intensity (x axis) versus number of pixels (y axis) for whole TIRF footprint (ER + PM) and ER. (B) Bar graph quantifying the PM-integrated density for α4eGFP plus β2wt and α4eGFP plus β2 double-mutant--transfected cells. Transfected β2 subunits and nicotine treatment conditions are indicated below the x axis. Error bars show 99% confidence intervals. (C) Integrated density ratios of whole TIRF footprint to ER for α4eGFP β2wt and α4eGFP β2 double-mutant nAChRs. The transfected β2 subunit and nicotine treatment conditions are indicated below the x axis; error bars are SEM. The number of imaged cells is indicated in parentheses. (D; 1 and 2) Protein sequence alignments of ER export and retention motifs within the M3--M4 loop of β2 and β4 subunits. ER export motifs are in green, and ER retention/retrieval motifs are in red. 1, protein sequence comparison for mouse β2 and β4 subunits; 2, cross-species comparison of the M3--M4 cytoplasmic loop sequences for mouse, human, and chicken β2 nAChR subunits. All β2 sequences include amino acids 321--382, and the β4 sequence includes amino acids 318--378.](JGP_201010532_RGB_Fig2){#fig2}

![Effect of the β2 M3--M4 loop ER retention/retrieval motif on PM trafficking of α4β2 nAChRs. (A) Representative TIRFM images of α4eGFP plus β2-365AAQA368--transfected cells. Nicotine treatment conditions are indicated for each image; bars, 10 µM. (B) Integrated density for α4eGFP plus β2wt-- and α4eGFP plus β2-365AAQA368--transfected cells. Transfected β2 subunits and nicotine treatment conditions are indicated below the x axis; the numbers of imaged cells are indicated within the parentheses; error bars show 99% confidence intervals. (C, 1 and 2) Line graphs plotting the pixel number versus fluorescence intensity for whole TIRF footprint (ER + PM) or the ER for α4eGFP plus β2-365AAQA368--transfected cells with and without nicotine as indicated. (D) Integrated density ratios of whole TIRF footprint to ER for α4eGFP β2wt and α4eGFP β2-365AAQA368 nAChRs; error bars are SEM. The transfected β2 subunit and nicotine treatment conditions are indicated below the x axis. The numbers of imaged cells are indicated in parentheses.](JGP_201010532_RGB_Fig3){#fig3}

![Effect of β2 M3--M4 loop ER export motifs on PM trafficking of α4β2 nAChRs. (A) Representative TIRF images of mouse Neuro-2a cells transfected with a PM mcherry reporter and either α4eGFP plus β2wt (assembled receptors possess two to three LFM motifs), α4eGFP plus β2L349M (five LFM motifs), or α4eGFPL358A plus β2wt (zero LFM motifs). Bars, 5 µm. (B) PM-integrated densities for α4eGFP plus β2wt--, α4eGFP plus β2-L349M--, and α4eGFPL358A plus β2wt--transfected cells. Transfected subunits and the number of LFM motifs per pentamer are indicated below the x axis; error bars show 99% confidence intervals. The number of imaged cells is indicated in parentheses. (C--E) Pixel number versus fluorescence intensity for whole TIRF footprint (ER + PM) or the ER in α4eGFP plus β2wt--, α4eGFP plus β2L349M--, and α4L358AeGFP plus β2wt--transfected cells. (F) Integrated density ratios of whole TIRF footprint to ER for α4eGFP plus β2wt--, α4eGFP plus β2L349M--, and α4L358AeGFP plus β2wt--transfected cells; error bars are SEM. Transfected subunits and the number of LFM motifs per pentamer are indicated below the x axis. The numbers of imaged cells are indicated in parentheses.](JGP_201010532_RGB_Fig4){#fig4}

![NFRET measurements of the effects of nicotine and β2 M3--M4 loop mutations on α4β2 nAChR stoichiometry. (A) Representative confocal images of Neuro-2a cells expressing a TG/TGN marker (GalT-eCFP) and α4-eGFP plus α4-mcherry plus β2wt nAChRs. FP tags (FP = any FP) were used to obtain the trans-Golgi ROI and to separately measure pixel-based NFRET values for either the whole cell section or for the TG/TGN. Bars, 5 µm. (B) Frequency plots of NFRET values (x axis) versus number of pixels (y axis) for α4-eGFP plus α4-mcherry coexpressed with β2wt/β2-L349M/β2-365AAQA368 subunits. Pixel-based NFRET values were separately obtained in the presence or absence of 0.1 µM nicotine (nic) as indicated. Column labels show the ROI for NFRET measurements (whole cell section or TG/TGN), and row labels show the type of β2 subunit (β2wt/β2-L349M/β2-365AAQA368) coexpressed with α4-eGFP plus α4-mcherry. Frequency histograms (black) were fitted to two Gaussian components (green) with low (α4)~2~(β2)~3~ and high (α4)~3~(β2)~2~ mean NFRET values. Overall fits (red) are shown for each graph; data are quantified in [Table I](#tbl1){ref-type="table"}.](JGP_201010532_RGB_Fig5){#fig5}

To verify that TIRF can be used to simultaneously visualize the PM and peripheral ER, Neuro-2a cells were transfected with a PM reporter, pCS2-mcherry. At 48 h after transfection, cells were stained with 1 µM of BODIPY-tagged glibenclamide (ER-Tracker Green) and imaged within 2 min. BODIPY and mcherry fluorophores were excited with a 488-nm laser, and images of cellular footprints were simultaneously captured at red- and green-emission wavelengths. PM-localized pCS2-mcherry fluorescence was detected as a cellular footprint with uniform fluorescence, whereas ER-Tracker Green exhibited a reticulate pattern ([Fig. 1 A](#fig1){ref-type="fig"}, first and third columns). Merged images showed that the ER fluorescence was readily distinguishable from PM-localized mcherry ([Fig. 1 A](#fig1){ref-type="fig"}, first column).

To determine subcellular localization patterns of α4β2 and α4β4 nAChRs, Neuro-2a cells were transfected with either α4eGFP plus β2wt or with α4eGFP plus β4wt subunits and imaged at 48 h after transfection. In some experiments, pCS2-mcherry was included in the transfections to visualize the PM ([Fig. 1 A](#fig1){ref-type="fig"}, first, second, and fourth columns). α4-eGFP plus β2wt--transfected cells demonstrated reticulate eGFP labeling that resembled ER ([Fig. 1 A](#fig1){ref-type="fig"}, compare the first and second columns). To prove this point, we cotransfected cells with α4-mcherry plus β2wt and then stained them with ER-Tracker Green; the red and green fluorescence colocalized nearly completely ([Fig. 1 A](#fig1){ref-type="fig"}, third column). The ER fluorescence in α4eGFP plus β2wt--transfected cells was two- to threefold brighter than PM and displayed little to no vesicular dynamics (Video 1). In contrast, α4eGFP plus β4wt--transfected cells showed much less reticulate fluorescence, but these cells also displayed vesicles within the TIRF footprint (Video 2). Vesicles were pleomorphic, with diameters ranging from 0.5 to 1 µm. Some vesicles appeared as elongated structures ranging from 2 to 5 µM in length. Vesicles were either stationary or showed spatial displacements of 0.5--5 µm/s within the TIRF footprint.

We quantified these apparently different localization patterns between α4eGFP plus β2wt and α4eGFP plus β4wt by separately measuring the intensity and extent of PM and ER fluorescence, as described in the next subsection, allowing us to unambiguously isolate nAChRs localized within the cellular PM ([Fig. 1 B](#fig1){ref-type="fig"}, 1 and 2). In all cases, we used the α4eGFP labeling to threshold, demarcate, and quantify PM- and ER-localized nAChRs. We found that α4eGFP plus β4wt--transfected cells showed a 1.9-fold increase in the PM-integrated density when compared with α4eGFP plus β2wt--transfected cells ([Fig. 1 B](#fig1){ref-type="fig"}, 3).

To quantify the fraction of ER fluorescence, we measured ratios of integrated densities (see next subsection) for the whole TIRF footprint to ER-localized signals (footprint/ER ratio). As an alternative analysis, we also generated simple frequency plots of fluorescence intensity versus number of pixels for either ER or whole footprint TIRF images. We observed that the ER pixel count showed an approximate twofold reduction for α4eGFP plus β4wt compared with α4eGFP plus β2wt--transfected cells ([Fig. 1 D](#fig1){ref-type="fig"}, 1 and 2). Measured ratios revealed an approximately threefold increase in ER-localized nAChRs for α4eGFP plus β2wt (footprint/ER ratio = 1.69) when compared with α4eGFP plus β4wt--transfected cells (footprint/ER ratio = 5.01; [Fig. 1 D](#fig1){ref-type="fig"}, 3). Collectively, these data provide evidence that α4β2 nAChRs primarily localize to the ER, and that β subunits partially control the subcellular localization and trafficking of α4β2 and α4β4 nAChRs, explaining many previous studies in which α4β4 nAChRs show better surface expression than α4β2.

Quantification of TIRF images ([Figs. 1](#fig1){ref-type="fig"}--[4](#fig4){ref-type="fig"})
--------------------------------------------------------------------------------------------

A comparison of α4eGFPβ2wt nAChR localization with the BODIPY-tagged glibenclamide (ER-Tracker Green) image showed that the fluorescence intensity of ER-localized nAChRs was always two- to threefold brighter than other regions of the TIRF footprint. Using ImageJ in pixel-by-pixel mode, we exploited this feature to selectively threshold and isolate either the ER or PM within raw images. The α4eGFP subunit served as a subcellular marker of nAChR localization. ER regions of interest (ROI) were demarcated as follows. We subtracted the average PM fluorescence intensity and background signal from the entire TIRF image. ER-localized nAChRs were then thresholded and demarcated ([Fig. 1 B](#fig1){ref-type="fig"}). PM fluorescence was extracted as follows. Raw TIRF images were converted to background-subtracted images, and the ER fluorescence was thresholded and masked. ER masks were subtracted from the original image to generate images with PM fluorescence signals ([Fig. 1 C](#fig1){ref-type="fig"}).

These procedures yielded a dataset of several hundred thousand pixel intensities over the 15--50 cells in each experimental group. Integrated densities are simply the sum of pixel values for either the PM or the ER or the ER plus PM (using whole TIRF footprint images). Mean PM-integrated densities were derived by dividing the total integrated density for each experimental group by the number of imaged cells and were used to measure the population of PM-localized receptors. Ratios of integrated densities for the whole TIRF footprint (ER plus PM) to ER were used to determine the post-Golgi fraction of receptors. Error bars for ratio plots were obtained by Pythagorean addition (also called addition in quadrature) of the relative standard errors for the numerator and denominator (see <http://reference.wolfram.com/applications/eda/ExperimentalErrorsAndErrorAnalysis.html>). For PM-integrated density measurements, rather than plotting SEMs (which would be indistinguishably small on the plots), we have used "error bars" to depict 99% confidence intervals based on a two-tailed *t* test. Two ER fluorescence peaks are observed in [Fig. 1 D](#fig1){ref-type="fig"} (1). Because the ER displays a stacked tubular geometry, TIRF evanescent waves excite nAChRs localized at the PM as well as receptors located in the ER at increasing z distances from the cytoplasmic surface of the PM. Fluorescent signals from relatively distant ER-localized receptors thus lead to a subset of pixels with low fluorescence intensity, whereas ER-localized pixels that are closer to the PM appear bright.

Confocal imaging
----------------

An Eclipse C1si laser-scanning confocal microscope equipped with a 63× 1.4 numerical aperture VC Plan Apo oil objective and a 32-anode photomultiplier tube (Nikon) was used for confocal imaging. Before imaging, cell culture media was replaced with phenol red--free CO~2~-independent Leibovitz L-15 medium. All experiments were performed in live cells 48 h after transfection at 37°C in a stage-mounted culture dish incubator (Warner Instruments). Cellular eCFP, eGFP, and mcherry fluorescence signals were acquired from 30--40 cells per dish after sequential excitation with 439- (for eCFP), 488- (for eGFP), and 561-nm (for mcherry) laser lines. Full-emission spectra were acquired in 5-nm bins between 470 and 620 nm, and the signal of each expressed fluorophore was linearly unmixed from the raw spectral image using reference spectra from control cells expressing solely the eCFP, eGFP, or mcherry fusion constructs.

Pixel-by-pixel normalized FRET (NFRET) from sensitized acceptor emission
------------------------------------------------------------------------

The theory and analysis for FRET measurements of oligomeric protein complexes and nAChR stoichiometry have been described previously ([@bib11]; [@bib41]; [@bib62]). For NFRET experiments, Neuro-2a cells were transfected with GalT-eCFP plus α4-eGFP plus α4-mcherry plus wt or mutant β2 subunits. GalT-eCFP was used to label the trans-Golgi/trans-Golgi network (TG/TGN) ([@bib57]). Cells transfected with either α4-eGFPβ2wt or α4-mcherryβ2wt were included in every imaging session to control for pixel saturation and spectral bleedthrough (BT).

Live cells were imaged using an Eclipse C1si laser-scanning confocal microscope. During image acquisition, cells were focused to a plane where the GalT-eCFP fluorescence was best visualized. Images with emission spectra for eCFP, eGFP, and mcherry were acquired in 5-nm bins between 470 and 620 nm. 439-, 488-, and 561-nm laser lines were used to excite eCFP, eGFP, and mcherry, respectively. Images were linearly unmixed using reference spectra for eCFP, eGFP, and mcherry with emission maxima at 477, 508, and 608 nm. Reference spectra were acquired from Neuro-2a cells transfected with either GalT-eCFP or α4-eGFPβ2wt or α4-mcherryβ2wt during the same imaging session. Linear unmixing was used to separate all three emission spectra from each image. Linearly unmixed images were compiled into donor BT stacks, acceptor BT stacks, and sample image stacks.

The PixFRET ImageJ plug-in was used to determine the eGFP and mcherry BT values and to calculate the net FRET (nF) ([Eq. 1](#fd1){ref-type="disp-formula"}) and NFRET at each pixel ([@bib13]). With the background and BT corrections set, the nF for each pixel as described by [Eq. 1](#fd1){ref-type="disp-formula"} was calculated, and the data were presented as 32-bit images. nF was divided by the square root of eGFP and mcherry intensities ([Eq. 2](#fd2){ref-type="disp-formula"}) to obtain the NFRET value at each pixel. FRET normalization was used to control for large differences in fluorophore expression within subcellular regions and between different cells in a dish.$$nF = I_{FRET} - I_{eGFP} \times BT_{eGFP} - I_{mcherry} \times BT_{mcherry}$$$$NFRET = \frac{I_{FRET} - I_{eGFP} \times BT_{eGFP} - I_{mcherry} \times BT_{mcherry}}{\sqrt{I_{eGFP} \times I_{mcherry}}},$$where I~FRET~ = mcherry-sensitized emission with 488-nm excitation, I~eGFP~ = eGFP emission with 488-nm excitation, BT~eGFP~ = BT of eGFP emission into mcherry emission spectra at 488-nm excitation, I~mcherry~ = mcherry emission with 561-nm excitation, and BT~mcherry~ = BT of mcherry emission into eGFP emission spectra at 561-nm excitation. I~FRET~, I~eGFP~, and I~mcherry~ were obtained from Neuro-2a cells transfected with GalT-eCFP plus α4-eGFP plus α4-mcherry plus wt β2. BT~eGFP~ and BT~mcherry~ values were obtained from Neuro-2a cells transfected with α4-eGFP plus β2wt and α4-mcherry plus β2wt, respectively.

Histograms of NFRET (x axis) versus number of pixels (y axis) of each imaged cell were compiled for either the whole cell sections or the TG/TGN ROI, demarcated by intensity-based thresholding of GalT-eCFP fluorescence. Frequency histograms obtained in this way (omitting values of zero) were merged for all cells in each experimental group and fitted to Gaussian components. Ratios of area under the curve for Gaussian components with high and low mean NFRET values were used to determine changes in receptor stoichiometry between experimental groups.

ERES quantification
-------------------

Neuro-2a cells were cotransfected with the appropriate nAChR/GluCl subunits and the ERES marker, Sec24D-mcherry. Each cell was focused to a plane where the maximum ERES were visualized. Sequential images of eGFP and mcherry fluorescence were obtained and linearly unmixed. For quantification, ERES ROI were demarcated using intensity-based thresholding and counted for each cell using the particle analysis feature in ImageJ (version 1.44 or later; [@bib1]). Error bars for ERES measurements are ± SEM, and p-values are based on a two-tailed *t* test.

Simulation of the SePhaChARNS 2.0 model
---------------------------------------

The selective pharmacological chaperoning of acetylcholine receptor number and stoichiometry (SePhaChARNS) 2.0 model ([Fig. 7](#fig7){ref-type="fig"}) was constructed to simulate six experimentally observed "target measures" that arise from the fluorescence data. The target measures are defined fully in Results. We used MATLAB R2010a (SimBio Toolbox; The MathWorks, Inc.) and saved the model as a file with the .sbproj extension. We defined a normalized residual for each of the simulated values: residual = \[(simulated value − target measure)/target measure\]. The objective function to be optimized was the summed squares of the six residuals (see Results), and we sought parameters that reduced the objective function to \<0.01. Thus, no residual exceeded 10%, and the average residual was 4%. The parameters were optimized using the MATLAB Global Optimization toolbox, Genetic Algorithm (this provided more efficient optimization than the simulating annealing algorithm). Typical optimizations of nine parameters required 10^5^--10^6^ simulations (\<1 h on a 2-Ghz processor with compiled code).

Other data analyses
-------------------

Protein sequence alignments were done with DNASTAR software (Lasergene version 8.1).

Online supplemental material
----------------------------

The supplemental material consists of five TIRFM videos of Neuro-2a cells and is available at <http://www.jgp.org/cgi/content/full/jgp.201010532/DC1>.

RESULTS
=======

α4β2 nAChR up-regulation monitored optically
--------------------------------------------

[Fig. 2](#fig2){ref-type="fig"} presents data on nicotine-induced up-regulation in an optical assay based on TIRFM (see Materials and methods; [Fig. 1](#fig1){ref-type="fig"}). Representative TIRF images and the optical analyses are shown in [Fig. 2 A](#fig2){ref-type="fig"}. PM-localized α4β2 nAChRs are quantified in [Fig. 2 B](#fig2){ref-type="fig"}. The PM up-regulation of wt nAChRs by nicotine, which amounts to 1.9-fold, recapitulates many experiments cited in the Introduction in various systems. The experiments use a nicotine concentration (0.1 µM) somewhat less than that in the blood within a few min after a human smokes a cigarette, and perhaps more appropriate to the average values during a day of smoking ([@bib39]). The time scale is also relevant to the initial stages of nicotine-induced up-regulation in the brains of mice ([@bib37]).

[Fig. 2 A](#fig2){ref-type="fig"} compares nAChRs in near-PM ER versus that in the whole TIRF footprint (see Materials and methods; [Fig. 1](#fig1){ref-type="fig"}). Interestingly, [Fig. 2 C](#fig2){ref-type="fig"} shows that despite the nicotine-induced up-regulation at the PM, up-regulation is also associated with a notable relative decrease in the ratio of whole TIRF footprint to ER-resident wt nAChRs. In control solutions, the footprint/ER ratio was 3.42; nicotine treatment reduced the footprint/ER ratio to 2.19. Evidently, up-regulation takes place despite an overall bias toward ER-resident nAChRs.

[Fig. 2 A](#fig2){ref-type="fig"} also shows that the pattern of up-regulation differs between α4β2 nAChRs and those in which the α4 subunit is coexpressed with a so-called β2~enhanced-ER-export~ double-mutant subunit. The α4β2~enhanced-ER-export~ nAChRs localize strongly to the PM, even in the absence of nicotine; nicotine produces only a modest further up-regulation at the PM. We chose to mutate the β2 subunit because the TIRF experiments presented in Materials and methods ([Fig. 1](#fig1){ref-type="fig"}) showed dramatic differences in the subcellular localization and the intracellular mobility of α4β2 versus α4β4 nAChRs. These mutations were created because they render the β2 subunit more like the β4 subunit in two regions thought to govern traffic from the ER ([Fig. 2 D](#fig2){ref-type="fig"}); thus, the "enhanced ER export" mouse β2 double-mutant subunit (β2-365AAQA368 L349M) contains a disrupted ER retention motif (AAQA) and a reconstituted ER export motif (LFM). The β2 and β4 sequences are strikingly similar in all other regions. Unlike wt α4eGFPβ2 nAChRs, which showed little or no vesicular dynamics (Video 1), α4eGFPβ2-enhanced ER export double-mutant receptors displayed many 0.5--1-µM vesicles trafficking within the TIRFM footprint (Video 3).

In the absence of nicotine, the α4eGFPβ2 double-mutant nAChRs showed a 2.36-fold increase in PM-integrated density compared with wt receptors. 48-h exposure of α4eGFPβ2 double-mutant nAChRs to 0.1 µM nicotine caused only a small additional increase in PM-integrated density (1.2-fold), suggesting that enhanced ER export β2 double-mutant subunits produced nearly maximal anterograde trafficking of nAChRs, even in the absence of nicotine.

To quantify the effects of nicotine and α4eGFPβ2 enhanced ER export double-mutant nAChRs on ER fluorescence (see Materials and methods), we measured the ratio of integrated densities for the whole TIRF footprint to ER-localized signals (footprint/ER ratio; [Fig. 2 C](#fig2){ref-type="fig"}). As noted above, the footprint/ER ratio for α4-eGFPβ2wt transfected cells was 3.42, and nicotine treatment reduced the footprint/ER ratio to 2.19, indicating that nicotine also caused an increase in the proportion of nAChRs localized in the ER. The footprint/ER ratio for α4eGFPβ2 double-mutant nAChR-transfected cells was 8.18, a 2.4-fold increase over the ratio observed for α4eGFPβ2wt-transfected cells. Treatment of α4eGFPβ2 double-mutant nAChR-transfected cells with 0.1 µM nicotine for 48 h increased the footprint/ER ratio only slightly further, to 9.19.

Collectively, these results show the following: (a) nicotine causes an up-regulation of wt α4β2 nAChRs at the PM; (b) the β2 subunit possesses an ER export motif (LFM) and an ER retention/retrieval motif (RRQR) that can influence the anterograde trafficking of β2\* nAChRs; and (c) nicotine up-regulates enhanced ER export double-mutant nAChRs at the PM to a smaller extent than wt receptors.

Evidently, our experiments depend heavily in quantifying expressed fluorescent proteins (FPs). In gene transfer experiments, quantitative analysis of protein function can be vitiated by several mechanisms that cause a "ceiling," "maximum," "limit," "plateau," "leveling off," or "saturation" of function. Our experiments used transient transfection in the neuron-like Neuro-2a cell expression system. Previous studies using both fluorescent gamma amino butyric acid transporters and fluorescent nAChRs established that, under the conditions used, membrane protein expression levels have not reached maximum ([@bib11]; [@bib24]; [@bib41]; [@bib62]). These conditions render the optical assays appropriately sensitive to mutations or pharmacological agents.

Analysis of M3-M4 loop ER retention/retrieval motifs
----------------------------------------------------

Because a majority of α4β2 nAChRs localized to the ER, we were interested in analyzing putative ER export and ER retention/retrieval signals and their effects on nicotine-induced up-regulation. We sought to separately quantify the effects of RRQR ER retention/retrieval ([Fig. 3](#fig3){ref-type="fig"}) and LFM ER export ([Fig. 4](#fig4){ref-type="fig"}) motifs.

We first present data on putative ER retention/retrieval signals, as revealed by the behavior of the β2-365AAQA368 subunit. Mouse β2 subunits possess an RRQR sequence (amino acids 365--368) that is absent in mouse β4 ([Fig. 2 D](#fig2){ref-type="fig"}, 1). RRQR motifs are thought to prevent the exit of cargo from the ER and may additionally function as ER retrieval motifs via the binding of the RRXR domain to COPI proteins ([@bib59], [@bib60]; [@bib4]; [@bib40]). A cross-species comparison of mouse, human, and chicken β2 subunit sequences shows that, unlike mouse subunits, human and chicken β2 subunits possess an intact LFM motif, whereas chicken β2 subunits contain an RQTQ sequence in place of the RRQR motif ([Fig. 2 D](#fig2){ref-type="fig"}, 2).

Neuro-2a cells were transfected in duplicate as follows: pCS2-mcherry plus α4-eGFP plus β2wt and pCS2-mcherry plus α4-eGFP plus β2-365AAQA368. One set of transfected cells was treated with nicotine (0.1 µM for 48 h), and dual-color TIRF images were obtained. α4-eGFP enabled the localization of nAChRs, and pCS2-mcherry enabled the simultaneous localization of PM.

[Fig. 3 A](#fig3){ref-type="fig"} shows representative TIRF images of Neuro-2a cells expressing α4-eGFPβ2-365AAQA368 nAChRs in the absence or presence of nicotine (0.1 µM Nic, 48 h). β2-365AAQA368 subunits increased PM localization of nAChRs, and this effect was enhanced after exposure to nicotine. As described in Materials and methods and previous Results sections, we used pixel-by-pixel measurements of PM-integrated density and a ratio of whole TIRF footprint to ER-integrated density to quantify these effects. [Fig. 3 B](#fig3){ref-type="fig"} summarizes the results from PM-integrated density measurements. When compared with wt receptors, α4-eGFPβ2-365AAQA368 nAChRs showed a 1.74-fold increase in the PM intensity, almost equivalent to that observed for nicotine-treated α4-eGFPβ2wt nAChRs. When compared with untreated α4-eGFPβ2-365AAQA368--expressing cells, nicotine treatment resulted in a further 1.65-fold increase in the PM-integrated density of α4-eGFPβ2-365AAQA368.

[Fig. 3 C](#fig3){ref-type="fig"} (1 and 2) shows graphs plotting the number of ER or ER plus PM pixels against fluorescence intensity. Neuro-2a cells expressing α4-eGFPβ2-365AAQA368 nAChRs showed an increase in the number of PM-localized pixels, an effect that was enhanced after treatment with 0.1 µM nicotine for 48 h. [Fig. 3 D](#fig3){ref-type="fig"} quantifies the integrated density ratios of the whole TIRF footprint to ER in each case. The footprint/ER ratio for α4-eGFPβ2wt--transfected cells was 3.42, whereas nicotine treatment caused a significant reduction in the peripheral ER pixels of α4-eGFPβ2wt receptors (footprint/ER ratio = 2.19). When compared with non-nicotine--treated wt α4-eGFPβ2 nAChRs, the PM fraction of α4-eGFPβ2-365AAQA368 receptors was increased by 2.4-fold (footprint/ER ratio = 5.33), whereas nicotine treatment resulted in a further 1.6-fold increase in PM-localized α4-eGFPβ2-365AAQA368 receptors (footprint/ER ratio = 8.53).

These data show that β2-365AAQA368 subunits markedly increase the localization of receptors in the PM and reduce their localization in the ER, consistent with the presence of an ER retention/retrieval motif in the mouse β2 M3-M4 loop. Mutation of this motif interacts with nicotine treatment to further up-regulate nAChRs at the PM and increases the export of nAChRs from the ER, thus causing a net depletion of ER-localized receptors.

Analysis of ER export motifs
----------------------------

Previous x-ray crystallographic and biochemical studies show that I/LXM (where X is any amino acid)-packaging motifs in ER cargo such as membrin and syntaxin 5 bind to a surface groove of Sec24D, which is a major component of COPII vesicles ([@bib35]). In a perhaps oversimplified view, this binding partially enables the packaging of ER cargo into COPII vesicles at ERES. Sequence alignments showed that the mouse β4 M3--M4 large intracellular loop contains an LFM motif (amino acids 344--346), whereas mouse β2 subunits possess a leucine residue at position 349, resulting in an LFL sequence at the aligning positions ([Fig. 2 D](#fig2){ref-type="fig"}, 1).

To elucidate the role of LFM motifs on the ER export of nAChRs, we mutated the LFM motif in the α4-eGFP subunit to AFM (called α4L358A-eGFP) and the LFL motif in β2wt subunits to LFM (called β2-L349M). We reasoned that these point mutations enabled the expression of specific receptor combinations containing (a) zero LFM motifs (α4L358A-eGFP plus β2wt), (b) two to three LFM motifs (α4-eGFP plus β2wt), or (c) five LFM motifs (α4-eGFP plus β2-L349M). This allowed us to correlate the PM expression of receptors with the number of LFM motifs present in receptor pentamers.

To assess the effect of LFM motifs on ER export and PM localization of mutant receptors, Neuro-2a cells were transfected with pCS2-mcherry (PM marker) and α4-eGFP plus β2wt (two to three LFM motifs), α4-eGFP plus β2-L349M (five LFM motifs), or α4L358A-eGFP plus β2wt (zero LFM motifs). In all cases, eGFP fluorescence was used to report the localization of nAChRs. [Fig. 4 A](#fig4){ref-type="fig"} shows representative images of TIRF footprints from each transfection. ∼90% of α4-eGFP plus β2wt--transfected cells showed ER- and PM-localized receptors ([Fig. 4 A](#fig4){ref-type="fig"}, first column). 50% of α4-eGFPβ2-L349M--transfected cells showed a mixed ER plus PM localization, and the remaining 50% showed TG/TGN- and PM-localized nAChRs ([Fig. 4 A](#fig4){ref-type="fig"}, second and third columns). In contrast, receptors in ∼90% of α4L358A-eGFPβ2wt--transfected cells primarily localized to the ER ([Fig. 4 A](#fig4){ref-type="fig"}, fourth column), and the remaining 10% of cells did not yield clear TIRF footprints. [Fig. 4 B](#fig4){ref-type="fig"} quantifies the observed differences in the PM-integrated density for wt and mutant nAChRs. The α4-eGFPβ2-L349M nAChRs showed a 1.9-fold increase in the PM-integrated density over α4-eGFPβ2wt nAChRs, whereas α4L358A-eGFPβ2wt nAChRs showed a 2.9-fold reduction in PM-integrated density when compared with α4-eGFPβ2wt nAChRs.

Whole TIRF footprint to ER-integrated density ratios were used to quantify the observed differences in the subcellular localization of wt and mutant nAChRs. The number of pixels representing either the ER or ER plus PM was plotted against fluorescence intensity ([Fig. 4, C--E](#fig4){ref-type="fig"}), and a ratio of the whole TIRF footprint to ER-integrated density (footprint/ER ratio) was used to compare the extent to which receptors localized to the ER or post-TG/TGN and PM compartments ([Fig. 4 F](#fig4){ref-type="fig"}). Results showed a 1.25-fold increase in the ratio of α4-eGFPβ2-L349M (footprint/ER ratio = 2.09) as compared with α4-eGFPβ2wt nAChRs (footprint/ER ratio = 1.69), whereas α4L358A-eGFPβ2wt--transfected cells showed a small reduction in the integrated density ratio (footprint/ER ratio = 1.43). Collectively, these results demonstrate that LFM motifs in the M3--M4 loop of α4 and β2 subunits alter the ratio of receptors localized within the cellular PM versus the ER, and that the PM nAChR number increases monotonically with the number of LFM export motifs present in receptor pentamers.

Alternative analyses of the TIRFM data
--------------------------------------

We consider that pixel-based TIRF fluorescence intensity analyses of [Figs. 1](#fig1){ref-type="fig"}--[4](#fig4){ref-type="fig"} represent the most appropriate analysis of the measurements. To test the robustness of the TIRF data, we conducted two alternative analyses. First, we calculated the data of [Figs. 1](#fig1){ref-type="fig"}--[4](#fig4){ref-type="fig"} on a cell-by-cell basis: pixel sums and averages for the ER and PM of each cell. For these cell-by-cell data, which thus concerned 15--50 cells per condition, we defined statistical significance as P \< 0.01. Differences calculated with this method were also significant when the pixel-based analyses showed significance.

Second, we calculated the pixel-based data by simply counting the number of pixels in the ER and PM categories, rather than by taking the average and summed intensities. Again, we found patterns similar to those of [Figs. 1](#fig1){ref-type="fig"}--[4](#fig4){ref-type="fig"}. Thus, the data of [Figs. 1](#fig1){ref-type="fig"}--[4](#fig4){ref-type="fig"} satisfy two additional tests.

Effect of nicotine and β2 M3--M4 loop motifs on the stoichiometry of assembled α4β2 receptors: NFRET analysis
-------------------------------------------------------------------------------------------------------------

Our TIRFM experiments show that incubation in nicotine, or manipulation of ER export and ER retention/retrieval motifs in the M3--M4 loop of nAChRs, increases nAChR PM expression. Because nicotine is thought to increase the assembly of receptors with a (α4)~2~(β2)~3~ stoichiometry ([@bib45]; [@bib62]), and because (α4)~2~(β2)~3~ receptors contain only two LFM ER export motifs, we reasoned that the effects of nicotine on increased ER-localized receptors may partially occur as a result of the increased assembly of (α4)~2~(β2)~3~ receptors. We therefore used FRET analysis to characterize the effect of nicotine and β2 subunit mutations on nAChR stoichiometry. Pixel-based NFRET is an appropriate method to determine the stoichiometry of protein complexes in Neuro-2a cells ([@bib41]; [@bib62]). Our previous work exploited the idea that in cells expressing equal numbers of α4 subunits tagged with donor or acceptor FPs (α4-FP subunits plus untagged β2 subunits), 50% of nAChRs with the (α4)~3~(β2)~2~ stoichiometry possess adjacent donor and acceptor α4-FP subunits. These nAChRs show greater NFRET values than the (α4)~2~(β2)~3~ nAChR stoichiometry, which has nonadjacent donors and acceptors ([@bib62]). Our previous work used confocal microscopy to show that the ER forms the primary intracellular compartment of Neuro-2a cells ([@bib41]). In whole cell optical sections, the majority of the intracellular fluorescent signal from α4-FPβ2 nAChRs also localizes to the ER. This agrees with previous observations ([@bib23]; [@bib7]). Our NFRET experiments used a GalTeCFP marker to delineate the trans-Golgi apparatus, where we find most of the remaining intracellular α4-FPβ2 nAChRs. It has not been possible to systematically study NFRET in the additional structures present in our optical sections: unlabeled COPI/COPII structures, peripheral trafficking vesicles, endosomes, and lysosomes.

We measured NFRET pixel distributions to assess the effect of nicotine exposure (0.1 µM for 48 h) on nAChR stoichiometry, either for the whole cell section or within the TG/TGN. Frequency histograms of NFRET values (x axis) versus number of pixels (y axis) were fitted to Gaussian components ([Fig. 5 B](#fig5){ref-type="fig"}). A coefficient of determination (R^2^) value of 0.995 served as a criterion to determine the number of components required for the fit. Our analysis, summarized in [Table I](#tbl1){ref-type="table"}, used the parameters A1 and A2 that correspond to the total pixels contributing to lower and higher NFRET components, which represent the (α4)~2~(β2)~3~ and (α4)~3~(β2)~2~ nAChR stoichiometries, respectively. We assign more importance to the fractional area (number of pixels) for each component, for instance A1/(A1 + A2), than to the shifts in positions of the mean NFRET values, because the NFRET algorithm provides only an approximate normalization for pixel intensity. In the case of whole cell section NFRET measurements, 48-h nicotine exposure caused an increase in the proportion of (α4)~2~(β2wt)~3~ nAChR pixels, from A1/(A1 + A2) = 0.51 to 73, in the whole cell section ROI.

###### 

Change in α4β2 stoichiometry in the presence of nicotine (0.1 µM for 48 h)

  β2 subunit   Whole cell section   TG / TGN                       
  ------------ -------------------- ---------- ------ ------ ----- ------
  wt           0.51                 vs.        0.73   0.36   vs.   0.83
  L349M        0.70                 vs.        0.79   0.69   vs.   0.82
  365AAQA368   0.67                 vs.        0.70   0.63   vs.   0.74

Note that effects of nicotine and of β-subunit ER export mutations appear to approach a common value of increased (α4)~2~(β2)~3~ stoichiometry. NFRET measurements were fitted to Gaussian components, as in [Fig. 5](#fig5){ref-type="fig"}, yielding the total pixel area under either the A1 (lower NFRET) or A2 (higher NFRET) components. These components correspond, respectively, to (α4)~2~(β2)~3~ and (α4)~3~(β2)~2~ stoichiometry. Each number is the ratio of areas, A1/(A1 + A2). The entries denote control solution versus nicotine exposure in either the whole cell section or the Golgi apparatus (TG/TGN).

We directly tested for pharmacological chaperoning in the ER by assessing whether the subunit alterations reached completion by the time the nAChRs reached the TG/TGN. Neuro-2a cells were cotransfected with four plasmids: a GalT-eCFP TG/TGN marker plus α4-eGFP (FRET donor) plus α4-mcherry (FRET acceptor) plus β2 subunit. The use of GalT-eCFP thus enabled us to isolate NFRET measurements of receptors within the TG/TGN ([Fig. 5 A](#fig5){ref-type="fig"}). NFRET in wt and mutant receptors was measured for either the whole cell section or the TG/TGN ROI in the absence or presence of nicotine (0.1 µM for 48 h; [Fig. 5 A](#fig5){ref-type="fig"}).

We also compared the stoichiometry data for mutant and wt β2 subunits. As noted above, α4β2wt assembled as (α4)~2~(β2wt)~3~ and (α4)~3~(β2wt)~2~ receptors, with a nearly equal proportion of pixels containing the two stoichiometries: A1/(A1 + A2) = 0.51. However A1/(A1 + A2) for α4β2-L349M and α4β2-365AAQA368 receptors were greater (0.70 and 0.63, respectively), indicating an increased proportion of nAChRs possessing a (α4)~2~(β2-L349M)~3~ and (α4)~2~(β2-365AAQA368)~3~ stoichiometry. As noted above, in the TG/TGN, we observed A1/(A1 + A2) = 0.36 for α4β2wt; on the other hand, α4β2-L349M and α4β2-365AAQA368 nAChRs yielded 0.69 and 0.73, respectively.

NFRET measurements on the TG/TGN ROI showed that nicotine induced a dramatic increase in the proportion of (α4)~2~(β2wt)~3~ nAChR pixels, from A1/(A1 + A2) = 0.36 to 0.83. For the (α4)~2~(β2-L349M)~3~ nAChR, nicotine induced a change in A1/(A1 + A2) from the already elevated value of 0.69 to 0.82. The already elevated nicotine-free value of 0.63 for (α4)~2~(β2-365AAQA368)~3~ pixels was further increased by nicotine to 0.74.

Nicotine exposure also produced only a minor increase in the already elevated whole cell section ROI A1/(A1 + A2) values for the β2 subunits with enhanced export mutations. For (α4)~2~(β2-L349M)~3~ nAChR pixels, nicotine increased A1/(A1 + A2) from 0.70 to 0.79. The analogous effect for the (α4)~2~(β2-365AAQA368)~3~ nAChR pixels was a change from 0.67 to 0.70.

Collectively, NFRET analyses show that wt and mutant α4β2 nAChRs assemble with both (α4)~2~(β2)~3~ and (α4)~3~(β2)~2~ stoichiometries in the ER. Both nAChR stoichiometries traffic to the TG/TGN, but nAChRs with the mutant β2 subunits studied here demonstrate a relatively high proportion of (α4)~2~(β2)~3~ nAChRs. In all cases, 48-h nicotine exposure increased the proportion of nAChRs with a (α4)~2~(β2)~3~ stoichiometry. This increase was most marked with wt nAChRs, which show the weakest bias toward the (α4)~2~(β2)~3~ stoichiometry in the absence of nicotine, as though (a) treatment with nicotine and mutations enhancing ER exit have similar effects of enhancing (α4)~2~(β2)~3~ stoichiometry; and (b) these effects partially occlude each other, reaching a common maximal value in which 0.75--0.8 of the nAChRs possess the (α4)~2~(β2)~3~ stoichiometry.

Nicotine and β2 M3--M4 loop motif mutants increase ERES numbers
---------------------------------------------------------------

Our data show that both incubation in nicotine and specific trafficking motifs within the β2 M3--M4 loop can influence the subcellular localization and trafficking of assembled nAChRs. We therefore sought to understand the effect of β2 M3--M4 loop motifs on nAChR trafficking at a stage that is distal in the ER but still relatively early in the secretory pathway. Because a component of the COPII ERES complex, Sec24D, binds to IXM motifs of vesicular proteins syntaxin 5 and membrin ([@bib35]), one expects the formation of ERES to increase with the number of Sec24D molecules recruited by LFM motifs within assembled nAChRs.

Our initial experiments addressed the hypothesis that some α4β2 nAChRs localize near ERES. We used TIRFM, which can localize fluorophores with high resolution in the z axis as well as the x--y plane. Like nearly all cells studied, Neuro-2a cells presumably have a complement of endogenous Sec24 isoforms; we expressed additional FP-labeled Sec24D. TIRF videos of Neuro-2a cells cotransfected with α4-mcherry plus β2wt plus Sec24D-eGFP showed that coexpression of Sec24D, even with wt nAChRs and in the absence of nicotine, produced additional dynamic features in the nAChR population, as though the addition of Sec24D increases the proportion of nAChRs exiting the ER. nAChRs do appear near ERES; furthermore, nAChRs seem to move near and, in some cases, through ERES or past ERES (Video 4). In the presence of nicotine (0.1 µM for 48 h), the ERES were at least as plentiful (Video 5).

We therefore conducted two series of quantitative studies on ERES number. First, we studied the effect of nicotine exposure on ERES numbers. Because results presented above agree with the hypotheses that nicotine exposure increases the number of nAChRs that exit the ER and reach the PM, we asked whether this increased flux recruited additional ERES to participate in ER exit. Neuro-2a cells were transfected with Sec24D-mcherry, either alone or with α4-eGFP plus β2-wt, or with the *Caenorhabditis elegans* GluCl α plus β subunits ([Fig. 6 E](#fig6){ref-type="fig"}) ([@bib61]). Cells were exposed either to control solution or to nicotine (0.1 µM for 48 h). In [Fig. 6 E](#fig6){ref-type="fig"}, the first set of bars show that nicotine had no effects on ERES number in the absence of nAChR expression. However, when ERES were counted in cells transfected with α4β2 nAChRs, nicotine caused a twofold increase in ERES from ∼25 to ∼50 per cell ([Fig. 6 E](#fig6){ref-type="fig"}). This effect of nicotine was specific to nAChR expression because nicotine did not increase ERES in parallel control experiments of cells transfected with *C. elegans* GluCl.

![Effect of α4 and β2 ER export motifs, β2 ER retention/retrieval motifs, and nicotine exposure on ERES. (A) Representative confocal images of a Neuro-2a cell transfected with α4-eGFPβ2wt nAChRs and an ERES marker, Sec24D-mcherry. ROI representing Sec24D-mcherry ERES structures are demarcated, and a merged image of α4-eGFPβ2wt plus Sec24D-mcherry is shown. Bars, 5 µm. (B) Average number of ERES per cell for α4-eGFPL358Aβ2--, α4-eGFPβ2wt--, α4-eGFPβ2L349M--, α4-eGFPβ4wt--, and α4-eGFPL358Aβ4wt--transfected cells. (C) Scatter plot of number of ERES per cell for α4-eGFPL358Aβ2--, α4-eGFPβ2wt--, α4-eGFPL358Aβ4wt--, α4-eGFPβ4wt--, and α4-eGFPβ2L349M--transfected cells. (D) Number of ERES per cell for α4-eGFPβ2wt-- and α4-eGFPβ2-365AAQA368--transfected cells. (E) Number of ERES per cell in untreated and nicotine-treated (0.1 µM for 48 h) cells transfected either with no additional proteins, with α4-eGFPβ2wt nAChRs, or with GluClαwtGluClβ-eGFP. The number of cells imaged is indicated in parentheses; data are mean values ± SEM. NS, not significant; \*, P = 0.06; \*\*, P \< 0.01; \*\*\*, P \< 0.001, two-tailed *t* test. The break on the horizontal axis indicates sets of experiments that were performed on different batches of cells; therefore, the absolute numbers of ERES may not be directly comparable between batches.](JGP_201010532_RGB_Fig6){#fig6}

Second, to test the effect of increasing LFM motifs per nAChR pentamer on ERES formation, Neuro-2a cells were separately transfected with wt and mutant nAChR combinations as follows: α4L358A-eGFP plus β2wt (zero LFM motifs), α4-eGFP plus β2wt (± nicotine; two or three LFM motifs), α4L358A-eGFP plus β4wt (two or three LFM motifs), α4-eGFP plus β2-L349M (five LFM motifs), and α4-eGFP plus β4wt (five LFM motifs). In each case, cotransfected Sec24D-mcherry served as a reporter for quantifying ERES number. [Fig. 6 A](#fig6){ref-type="fig"} shows representative confocal images of a Neuro-2a cell cotransfected with α4-eGFP plus β2wt plus Sec24D-mcherry. Sec24D-mcherry--positive ERES particles were demarcated using intensity-based thresholding and were counted for each cell.

[Fig. 6 B](#fig6){ref-type="fig"} summarizes the results obtained from three independent experiments. ∼17 ERES per cell were observed with α4L358A-eGFPβ2wt receptors, whereas α4-eGFPβ2wt receptors showed ∼30 ERES per cell. α4-eGFPβ2-L349M receptors showed ∼52 ERES per cell, which was significantly different from α4-eGFPβ2wt receptors (two-tailed *t* test; P \< 0.001). α4-eGFPβ4wt receptors demonstrated ∼47 ERES per cell, which was significantly higher than the number of ERES (∼34 per cell) in α4L358A-eGFPβ4wt--transfected cells (P \< 0.01). When ERES number (y axis) is displayed versus the number of LFM motifs (x axis) per pentamer, the average number of ERES increased monotonically with the number of LFM export motifs present in wt and mutant nAChRs ([Fig. 6 C](#fig6){ref-type="fig"}). In parallel experiments, quantification of ERES number in α4-eGFPβ2-365AAQA368--transfected cells showed an average of ∼38 ERES per cell, which was significantly higher than α4-eGFPβ2wt--transfected cells (∼20 ERES per cell; P \< 0.01; [Fig. 6 D](#fig6){ref-type="fig"}). Collectively, these data show that mutations in the M3--M4 loop of α4 and β2 subunits can influence ERES numbers and the rate of ER exit of nAChRs, either by affecting Sec24D binding to LFM motifs or by preventing the ER retention of nAChRs through an RRQR motif in the mouse β2 M3--M4 loop.

Simulating effects of nicotine and β2 subunit mutations on nAChR assembly and trafficking
-----------------------------------------------------------------------------------------

In a quantitative model for the experiments, we focused on six target measures. We sought to explain the enhancement of PM fluorescence by nicotine treatment ([Fig. 2 B](#fig2){ref-type="fig"}, first two columns; target measure 1). Four of the measures include the data of [Fig. 2 C](#fig2){ref-type="fig"}. For the wt nAChR, nicotine produces a substantial decrement in the integrated density ratio of whole TIRF footprint to ER-localized receptors (from 3.42 to 2.19; target measures 2 and 3, respectively). However, for the enhanced ER export β2 mutant nAChR, the ratio is larger (8.18) but is only slightly increased by nicotine (9.19; target measures 4 and 5, respectively). We suspected that nAChRs encounter a step(s) in exiting the ER that acts as a bottleneck for wt nAChRs, but not for the enhanced ER export mutant. Target measures 1--5 are based on TIRFM data.

Finally, we also sought to simulate a measurement based on confocal microscopy: the enhancement of ERES by nicotine (1.78-fold; [Fig. 6 E](#fig6){ref-type="fig"}; target measure 6).

We developed a formal kinetic model that explains these phenomena, that provides kinetic terms consistent with the suspected functional changes in the enhanced ER export mutations, and that incorporates the chaperoning function of nicotine in the ER. The scheme is based on FOLDEX ([@bib68]), on a model for ERES formation ([@bib22]), and also on SePhaChARNS ([@bib34]).

The mutation-sensitive step in ER exit has a limited flux capacity in units of molecules/second; if expressed as a rate constant in units of s^−1^, the rate constant decreases with increasing numbers of nAChR molecules. This concept could be formalized in several ways. We chose to retain the FOLDEX description in which step 9 combines cargo (nAChRs in this case) and molecules from an unspecified pool of export machinery. Importantly for our formulation, this pool can be depleted. The resulting complex condenses to form ERES (several dozen export machinery--nAChR complexes presumably form each ERES or transport vesicle) ([@bib55]). Step 9 has reversible Michaelis-Menten kinetics. The forward binding rate constant of step 9, k_F→ERES, is one of the two rate constants that we allowed to differ between wt and "enhanced ER exit" mutant nAChRs (the other is k_Golgi→Folded, which governs step 23; see [Tables II](#tbl2){ref-type="table"} and [III](#tbl3){ref-type="table"}). The COPII ER export machinery molecules are then released at step 10, which is associated with COPI vesicles. There is evidence that COPI can mediate both anterograde and retrograde transport between ER ([@bib64]), but to keep the model simple, we have set the anterograde rate, k_Folded→Golgi, equal to zero.

###### 

Exemplar parameters that provide good fits to the six target measures

  Step            Rate constant name   Exemplar value          
  --------------- -------------------- ----------------------- ----------------
  **Reactions**                                                
  5,6             k_C1→U               0.011 s^−1^             
  8a              k_U→F                33 × 10^6^ M^−1^s^−1^   
  8b              k_F→U                0.012 s^−1^             
  9               k_F→ERES             499 M^−1^s^−1^          734 M^−1^s^−1^
                  k_ERES→F             0.01 s^−1^              
  10              k_ERES→G             0.034 s^−1^             
  13              k_U→M                0.012 s^−1^             
  14              k_M→C1U              inactive                
  15              k_misfolded→ERAD     0.1 s^−1^               
  21              k_Golgi→PM           10^−4^ s^−1^            
  22              k_S→L                3 × 10^−3^ s^−1^        
  23              k_Golgi→Folded       0.22 s^−1^              0.10 s^−1^
                  k_Folded→Golgi       0                       

See model [Fig. 7 A](#fig7){ref-type="fig"}.

###### 

Exemplar parameters that provide good fits to the six target measures

  Molecule                                       Model name             Concentrations
  ---------------------------------------------- ---------------------- ----------------
  **Fixed Concentrations**                                              
  Nascent nAChRs                                 C1 unfolded            10^−5^ M
  Endogenous ERES                                ERES~0~                8 × 10^−4^ M
  Export Machinery                               ExMach00               9.0 × 10^−3^ M
  "Endogenous" nicotine                          Nicotine0              3.3 nM
  **Optical parameter**                                                 
  Fraction of ER fluorescence detected by TIRF   ER_fractional_signal   0.14

See model [Fig. 7 A](#fig7){ref-type="fig"}.

We formalized the effect of nicotine as a binding step that helps nAChRs fold and assemble fully (step 8). Because nicotine binds at the subunit interface and therefore aids assembly, we depict nicotine as favoring the forward-folding step, rather than as inhibiting the unfolding (at the level of formal simulations, these differences have no importance; see also Discussion). If further saturable steps (similar to step 9) do not occur, step 8 would govern the dose--response relation for up-regulation. We therefore chose to maintain the K~m~ of step 8 at a level near the nicotine concentration in our experiments and in previous reports. This is approximately the nicotine concentration that gives half-maximal up-regulation ([@bib32], [@bib33]). We maintained this K~m~ (which equals (k_F→U)/(k_U→F) at a value of ≤0.2 µM by specifying that k_U→F ≥ 0.05 × 10^6^ M^−1^s^−1^. Note that nAChRs do form in the absence of nicotine; we formalized this concept by defining an endogenous nicotine-like agent with an "effective endogenous concentration of nicotine" that is *n*-fold lower than the 0.1 µM nicotine studied in our experiments.

All other steps in SePhaChARNS 2.0 ([Fig. 7 A](#fig7){ref-type="fig"}) follow first-order unidirectional kinetics, governed by rate constants with the dimensions of s^−1^, as in the FOLDEX model ([@bib68]). The model also incorporates a rudimentary acknowledgment that chaperoning changes the subunit stoichiometry of nAChRs. A complete shift, from 100% (α4)~3~(β2)~2~ to 100% (α4)~2~(β2)~3~, would imply that each chaperoned receptor has two thirds the α4 subunit fluorescence of a native receptor. In fact, our experiments and previous data ([@bib5]; [@bib45]; [@bib32]; [@bib56]; [@bib65]; [@bib62]) suggest a shift from approximately equal contributions of the two stoichiometries in nicotine-naive cells to ∼100% (α4)~2~(β2)~3~ after chronic nicotine exposure. SePhaChARNS 2.0 incorporates this change in stoichiometry: we calculate the predicted fluorescence of wt PM up-regulated nAChRs as 0.83 times that of receptors in the absence of nicotine.

![Simulation of nicotine-induced nAChR up-regulation. The experimental data are explained by a pharmacological chaperoning and trafficking scheme based on FOLDEX ([@bib68]) and on a model for ERES formation ([@bib22]). (A) The SePhaChARNS 2.0 model for explaining target measures 1--6. The reactions numbered \<20 are identical to those of [@bib68]; FOLDEX has been simplified for the SePhaChARNS 2.0 model. The reaction steps in purple type are influenced by the M3--M4 trafficking mutations. The nAChRs in partially and fully folded ER compartments are shown with gradient fills to denote that only near-membrane molecules are visible in TIRFM. FOLDEX step 14 (involving a protein co-chaperone) is inactivated in the present model because we have little information about protein co-chaperones in the present context. Reactions numbered \>20 are added for the SePhaChARNS 2.0 model, which includes post-ER events. The ERES~0~ population comprises ERES that are visible with Sec24D-mcherry but associated with other cargo molecules or that reside in ER regions not containing nAChRs. ExMach, unspecified export machinery; ERAPF, ER-associated partial folding; ERAD, ER-associated degradation. (B) The simulated course of up-regulation at the PM for the exemplar parameters. The simulation was allowed to reach steady state (at nicotine = 0.0033 µM) before the period indicated. At time zero, the nicotine concentration was jumped to 0.1 µM. A vertical line is shown at 48 h = 1.9 × 10^5^ s, the time of the measurements; parameters were chosen based on this time point.](JGP_201010532_RGB_Fig7){#fig7}

[Tables II](#tbl2){ref-type="table"} and [III](#tbl3){ref-type="table"} give the exemplar parameters that provide a good fit to the six target measures. We consider these parameters physically plausible and expect that they fall within threefold of actual values. The simulations force all molecular concentrations to scale with that of C1 unfolded, the initial constant source of unassembled, unfolded subunits. We arbitrarily chose this measure as 10 µM. The time scale of the calculations is determined primarily by the rates of insertion and removal from the surface PM, k_Golgi→PM and k_S→L. We set k_S→L = 3 × 10^−3^/s, somewhat faster than previous reports for wt receptors ([@bib32]). We think it possible that these measurements of [@bib32] were influenced by events that occur earlier in the pathway, such as k_Golgi→PM. In our formulation, this is the slowest step (k_Golgi→PM = 10^−4^ s^−1^) and governs the simulated time course of PM up-regulation (shown in [Fig. 7 B](#fig7){ref-type="fig"}).

The TIRF evanescent signal penetrates only partially into the cell. Consider that the cell is symmetric about a horizontal plane and that we are simulating the half closest to the coverslip. TIRFM fully visualizes the PM but only a fraction of the internal membranes such as ER. We assign this fraction to the parameter "ER_Fractional_signal." The exemplar parameters are associated with ER_Fractional_signal = 0.14, which seems reasonable based on our further unpublished experiments using higher resolution TIRFM. However, simulations with other acceptable parameter sets were satisfied by values between 0.05 and 0.5.

The simulations revealed that a broad range of parameters simulated target measures 1 through 6 described above. In particular, the simulations verified that ERES formation (step 9) proceeds greater than twofold more efficiently, and COPI-mediated retrieval (step 23) proceeds greater than twofold less rapidly, for α4β2 nAChRs containing the enhanced ER export mutant β2 subunit than for nAChRs containing wt β2 subunits ([Tables II](#tbl2){ref-type="table"} and [III](#tbl3){ref-type="table"}).

We further constrained the simulations to occur with a minimal effect of nicotine, defined as minimizing *n*. Satisfactory simulations were achieved if the "effective endogenous nicotine concentration" was ≤0.0033 µM (*n* ≥ 30), implying that nicotine incubation improves pharmacological chaperoning by *≥*30-fold. With *n* = 10 (an endogenous "effective nicotine concentration" 10-fold lower that the experimental value of 0.1 µM), the simulations were marginally acceptable (sum of squared residuals = 0.0127, with all predicted values in error by \<7% difference).

Although the simulation provides adequate explanations for the six target parameters, we also asked whether the optimized parameters predict an additional measurement: the 1.86-fold increased ERES sites in the enhanced ER export β2 double mutant in the absence of nicotine ([Fig. 6, B--D](#fig6){ref-type="fig"}). Here, the model was unsuccessful, simulating the observed increase in ERES numbers only if k_F→ERES for the wt nAChR was ∼10-fold lower than the exemplar parameter value. The Discussion notes that additional mechanisms may be required to explain this datum.

The SePhaChARNS 2.0 model therefore provides a reasonable explanation for most of the differential effects of nicotine incubation and of the enhanced ER export β2 subunit. The model is consistent with the idea that nicotine provides a pharmacological chaperoning effect within the ER, upstream from a flux-limited ER export process, and that this ER export limitation is ameliorated by the (perhaps tautologically named) enhanced ER export β2 subunit mutant. The chaperoning effect of nicotine appears to enhance an endogenous process by a factor (*n*) between 10 and 30. The model requires no flux-limited steps that occur after ER export.

DISCUSSION
==========

Up-regulation of nAChRs by chronic nicotine is thought to play major roles both in nicotine dependence and in the inverse correlation between a person's history of tobacco use and his or her susceptibility to Parkinson's disease (see Introduction). This paper addresses up-regulation by chronic nicotine in a cellular system that is especially favorable for optical studies, but because up-regulation is generally observed in clonal cells, neuronal cultures, isolated bronchial epithelium, and intact mice, we have confidence in the study's pathophysiological significance. We studied nAChRs in several compartments before and during up-regulation. To aid in this study, we designed and exploited an enhanced ER export β2 subunit mutated in the M3--M4 loop with export properties resembling those of β4 subunits.

We primarily used subcellularly resolved fluorescence microscopy and pixel-by-pixel analysis methods on FP-labeled α4 subunits. We cannot state that the FP-labeled subunits perfectly emulate the unlabeled subunit, but our previous measurements have detected no differences between the FP-labeled and unlabeled wt α4 subunits. These studies on the FP-α4 subunits included electrophysiology, Ca^2+^ flux, ligand binding, cellular and subcellular localization, and mouse behavior. Previous experiments on the α4-FP subunits studied both baseline characteristics and up-regulation in transfected neurons ([@bib43]), transfected Neuro-2a cells ([@bib11]; [@bib62]), and knock-in mice ([@bib43]; [@bib16]; [@bib69]). Because the β2 subunit mutations described in this paper are in the M3--M4 loop, we used only FP-tagged α4 subunits and avoided using our previously described M3--M4 loop FP-tagged β2 subunits.

Overcoming ER export bottleneck(s) by altering β2 subunit export/retention motifs
---------------------------------------------------------------------------------

Electron microscopy studies in mouse dorsal raphe and rat cortical neurons show that endogenous α4β2 nAChRs localize at least partially to the smooth ER ([@bib23]; [@bib7]). Similarly, our pilot TIRFM experiments (presented in Materials and methods) showed that many---perhaps most---α4β2 nAChRs localize to the ER, but α4β4 nAChRs primarily localized to the PM ([Fig. 1](#fig1){ref-type="fig"}). Like previous authors ([@bib52]; [@bib31]), we compared the β2 and β4 subunit protein sequences to identify specific motifs that mediate the ER retention of receptors ([Fig. 2 D](#fig2){ref-type="fig"}, 1). This led to construction of the enhanced ER export β4-like β2 subunit that both (a) contains an LFM ER export motif ([@bib35]) and (b) lacks an RRQR ER retention/retrieval motif ([@bib40]). Interestingly, human β2 subunits contain the LFM ER export motif as well as the RRQR motif, whereas chicken α4β2 nAChRs contain the LFM motif but do not possess the RRQR motif ([Fig. 2 D](#fig2){ref-type="fig"}, 2). Thus, our data suggest that human and chicken receptors might exit the ER more efficiently than mouse and rat receptors, but human and chicken receptors also harbor the RRQR motif and would therefore still be up-regulated by chronic nicotine.

Nicotine and β2 subunit mutations increase the PM insertion of nAChRs
---------------------------------------------------------------------

TIRFM experiments recapitulated that nicotine up-regulated PM α4β2-wt nAChRs, despite markedly increasing the proportion of ER-localized α4β2-wt nAChRs ([Fig. 2, B and C](#fig2){ref-type="fig"}). A disruption of the β2 RRQR ER retention/retrieval signal increased the proportion of nAChRs at the PM ([Fig. 3 B](#fig3){ref-type="fig"}), and alterations of LFM motifs in α4 and β2 increased the surface expression of α4β2 receptors monotonically with the number of LFM motifs present in the receptor pentamer ([Fig. 4, A--D](#fig4){ref-type="fig"}). These nicotine and double mutation effects approached a common maximum; treatment with nicotine caused only a small increase in the PM level of double-mutant β2 subunits ([Fig. 2, B and C](#fig2){ref-type="fig"}).

The control of ER exit rate
---------------------------

Assembled nAChRs presumably enter COPII-containing ERES. Four Sec24 isoforms (A, B, C, and D) recognize distinct ER exit codes in cargo proteins and participate in COPII vesicle assembly ([@bib55]). ER exit codes include LL motifs, bound by the Sec24A isoform, and I/LXM motifs, bound by Sec24D ([@bib66]; [@bib35]). The LL ER export motifs were previously identified in the M3--M4 loop of nAChR subunits ([@bib52]). In our observations with Sec24D-mcherry, the number of ERES per cell increased monotonically with the number of LFM motifs present in the receptor pentamer ([Fig. 6 C](#fig6){ref-type="fig"}). The available data thus show that α4β2 nAChRs possess ER export motifs recognizing Sec24A and Sec24D molecules. Human α4β2 pentamers possess five LFM motifs, and mouse α4β2 receptors contain two or three; possibly, nAChR ER export rates differ among species.

RXR motifs enhance the ER localization of ion channels ([@bib60]; [@bib18]). In our studies, mutation of the β2 M3--M4 loop RRQR to AAQA resulted in markedly increased ER export and membrane-localized receptors versus wt nAChRs.

The control of ERES numbers
---------------------------

Our observation that ERES numbers increase---even without nicotine---for enhanced ER export of nAChRs shows that the recruitment of ERES depends directly on ER export efficiency and extends previous observations that simple coexpression of membrane proteins can enhance ERES number ([@bib12]). Indeed, we found that the number of ERES per cell increased monotonically with the number of LFM motifs present in the receptor pentamer ([Fig. 6 C](#fig6){ref-type="fig"}). Reciprocally, increasing the number of LFM motifs also biased the receptors toward the (α4)~2~(β2)~3~ stoichiometry ([Fig. 5 B](#fig5){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}); possibly, these Sec24D-binding sites allow Sec24D to stabilize this stoichiometry. Thus, increasing the number of Sec24-binding sites in the nAChR protein stabilizes a pentamer that binds Sec24D, and the Sec24D-containing ERES complex is in turn stabilized by binding to nAChR pentamers. We also observed an increase in the number of ERES in cells expressing α4-eGFPβ2-365AAQA368 nAChRs. The β2-365AAQA368 mutation may increase ERES numbers by preventing the ER retention of assembled nAChRs and/or by decreasing the likelihood that COPII is displaced by a COPI-mediated ER retrieval of exported receptors.

Perhaps a therapeutic mechanism arises from the observation for wt nAChRs that the chronic nicotine--nAChR interaction also directly recruits ERES ([Fig. 6 E](#fig6){ref-type="fig"}). The nicotine--nAChR complex thus produces noticeable redistribution of at least one other ER protein, which is remarkable even if one does not consider eventual up-regulation at the PM. If the newly recruited ERES are available to other cargo proteins, this could produce enhanced ER exit of other proteins. We do not yet know to what extent the nicotine--nAChR interaction changes the overall morphology of the ER. In an alternative analysis of the TIRF data, we did find that nicotine increased the number of pixels in the ER category, as judged by α4-FP fluorescence; but additional studies are required to gauge the generality of this finding. We would like to use a marker different from the ER-Tracker Green, which also labels an ion channel.

When a previous study ([@bib12]) found that overexpression of the GAT1 transporter also induced additional ERES, the authors suggested that this induces ER stress. Our experiments go further by showing that the enhancement depends not merely on the presence of a cargo protein but also on the interaction between an intracellular ligand and a cargo protein (nicotine--nAChR). Our data are fully consistent with the view that the nicotine--nAChR interaction, by affecting ER stress levels, also changes a downstream unfolded protein response. This topic bears on possible cell-limited mechanisms for the inverse correlation between a person's history of smoking and his or her susceptibility to Parkinson's disease ([@bib54]), in addition to the previously suggested circuit-based mechanism ([@bib44]; [@bib69]). The present methods could serve in high-content drug screening.

The control of nAChR stoichiometry
----------------------------------

This study reveals two processes within the ER and TG/TGN that bias the α4β2 nAChR population toward the (α4)~2~(β2)~3~ stoichiometry. First, our NFRET experiments showed that wt α4β2 receptors assemble with a roughly equal proportion of (α4)~2~(β2)~3~ and (α4)~3~(β2)~2~ stoichiometries in the ER, and that both stoichiometries traffic to the trans-Golgi ([Fig. 5 B](#fig5){ref-type="fig"}). Nicotine treatment of wt α4β2-expressing cells increased the assembly of (α4)~2~(β2)~3~ nAChRs ([Fig. 5 B](#fig5){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). We know that nicotine-induced changes in nAChR stoichiometry are initiated in the ER, because in nicotine-treated cells, the TG/TGN contained mostly (α4)~2~(β2)~3~ receptors ([Fig. 5 B](#fig5){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). These data correspond with previous results based on glycosylation and molecular weight measures, showing that up-regulation is initiated in the ER ([@bib45]; [@bib32]; [@bib56]). The thermodynamic driving force for this stoichiometry shift is presumably the tighter binding of nicotine to the (α4)~2~(β2)~3~ stoichiometry ([@bib45]). Second, in contrast to wt receptors, mutant β2-L349M and β2-365AAQA368 subunits preferentially assembled nAChRs with (α4)~2~(β2)~3~ stoichiometry ([Fig. 5 B](#fig5){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). We suggested above that this effect also arises from a binding--stabilization mechanism between nAChRs and Sec24 proteins rather than between nAChRs and nicotine.

Insights from the SePhaChARNS 2.0 model
---------------------------------------

The SePhaChARNS 2.0 model formalizes the notion that some effects of chronic nicotine have a cell-delimited basis, analyzable in terms of molecular states and subcellular compartments. Although SePhaChARNS 2.0 suggests that nicotine pharmacologically chaperones a "fully folded" state ([@bib32]; [@bib34]), the formalism is fully compatible with previous statements that the nicotine-favored state(s) matures more easily ([@bib56]), has a distinct phosphorylation pattern ([@bib51]), has a distinct, stabilized conformation ([@bib21]; [@bib65]), or is less susceptible to proteasome-mediated degradation ([@bib53]). The key common concept is that the nicotine-favored state is both more capable of export and less susceptible to misfolding/degradation than other states within the ER.

Future versions of the SePhaChARNS model should more fully incorporate the effects on subunit stoichiometry. To simulate how enhanced ER export β2 subunits increase ERES numbers, one should also incorporate the idea that these subunits bias the cell toward assembled ERES as well as the extension that this interaction stabilizes ERES proteins themselves against degradation. Future experiments should incorporate time-resolved measurements to test and to refine the kinetic values. Time-resolved experiments must also account for the maturation of the FPs, which typically requires 10^3^--10^4^ s. At present, however, the model satisfactorily accounts for the following ideas: (a) chaperoning by nicotine precedes export from the ER; (b) nicotine enhances an endogenous process by a factor of 10--30; (c) for wt nAChRs, up-regulation at the PM appears to be limited by ER export; and (d) up-regulation does not depend on flux limitations beyond ER export. Thus, even at this early stage, the SePhaChARNS model allows one to advance beyond purely verbal descriptions of interrelated mechanisms.

Conclusions
-----------

The present subcellularly resolved imaging data agree with the views that the mechanisms of α4β2 nAChR trafficking depend on the balance between ER export and retention/retrieval motifs in α4β2 pentamers; that this balance depends in part on the stoichiometry of α4β2 nAChRs; that trafficking and stoichiometry influence each other; and that a sustained interaction between nicotine and nAChRs exerts control over both processes. Chief findings are summarized in [Fig. 8](#fig8){ref-type="fig"}. wt (α4)~3~(β2)~2~ receptors contain a 3:2 ratio of LFM (ER export motifs) to RRQR (ER retention/retrieval) motifs and traffic efficiently to the PM, whereas (α4)~2~(β2)~3~ nAChRs with a 2:3 ratio of ER export to retention/retrieval motifs largely localize to the ER. Enhanced ER export mutant β2 subunits alter this balance in favor of PM localization. Our experiments also show that an overall increase of PM α4β2 nAChRs results from the stabilization of assembled receptors by nicotine.

![A more detailed view of subcellular components in nAChR up-regulation, complementing the schematic view of [Fig. 7](#fig7){ref-type="fig"}. ER, COPII vesicles, Golgi apparatus, secretory vesicles, PM, and nicotine are shown. Four types of α4β2 nAChRs are defined in the box. (A) wt nAChRs assemble in the ER and exit via COPII-containing ERES. Vesicles bud from the TG/TGN and transport receptors to the PM. (B) α4β2~enhanced-ER-export~ nAChRs show increased ER exit and therefore eventually reach the PM in greater numbers. (C) Nicotine is now present at extracellular concentrations produced by smoking (0.1--1 µM). Nicotine enters the ER and stabilizes nAChRs with (α4)~2~(β2)~3~ stoichiometry (see [Fig. 7](#fig7){ref-type="fig"}; step 8). Newly assembled nicotine-bound nAChRs show increased ER exit; therefore, greater numbers of nAChRs undergo anterograde trafficking and insertion into the PM. Nicotine concentrations are elevated within ERGIC, TG/TGN, and secretory vesicles via acid trapping ([@bib34]). At the PM, smoking-relevant nicotine concentrations only partially occupy nAChRs, revealing enhanced function of up-regulated α4β2 nAChRs.](JGP_201010532_RGB_Fig8){#fig8}

Despite the generality of nicotine-induced up-regulation (see Introduction), nicotine-induced up-regulation also displays selectivity at every level thus far examined ([@bib46]; [@bib50]; [@bib10]; [@bib34]; [@bib69]). These "tiers of selectivity" include major brain regions ([@bib48]; [@bib38]) and neuronal cell types ([@bib44]; [@bib69]). At the level of individual neurons, up-regulation is selective between compartments: somatodendritic versus axon terminal ([@bib69]). At the level of classical pharmacology, up-regulation displays selectivity among binding subtypes, emphasizing high-affinity nAChRs such as α4β2. At the level of functional states, some up-regulated receptors are primarily activated by acute nicotine, whereas others are primarily desensitized ([@bib69]). At the level of the α4β2\* subtype, up-regulation displays selectivity among the subunits that occupy the fifth "auxiliary" position ([@bib33]). Good candidates for mechanisms that govern this specificity include the expression of additional nAChR subunits and auxiliary proteins such as lynx, based on the observed expression of these additional genes ([@bib34]). The present study shows how to use a favorable clonal line, good optics, and a quantitative model to analyze the effects of expressing these additional molecules.

We thank Chris Richards and Larry Wade for technical assistance, and K. Scott and A. Goldsipe for assistance with MATLAB coding.

This work is supported by grants from the National Institutes of Health (NS-11756 and AG-033954); Targacept Inc.; Louis and Janet Fletcher; the Michael J. Fox Foundation (to R. Srinivasan); and the California Tobacco-Related Disease Research Program (18FT-0066 to R. Srinivasan).

Edward N. Pugh Jr. served as editor.

Abbreviations used in this paper:BTspectral bleedthroughERESER exit site(s)FPfluorescent proteinFRETFörster resonance energy transferGluClglutamate-gated chloride ion channelnAChRnicotinic acetylcholine receptornFnet FRETNFRETnormalized FRETPMplasma membraneROIregion(s) of interestSePhaChARNSselective pharmacological chaperoning of acetylcholine receptor number and stoichiometryTG/TGNtrans-Golgi/trans-Golgi networkTIRFtotal internal reflection fluorescenceTIRFMTIRF microscopywtwild type
